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bstract
The metallurgy of selected metal and alloy components fabricated by additive metallurgy using electron beam melting (EBM) is presented for a
ange of examples including Ti-6Al-4V, Co-Cr-Mo super alloy, Ni-base super alloy systems (Inconel 625, 718 and Rene 142), Nb and Fe. Precursor
nd pre-alloyed powders are preheated and selectively melted using a range of EBM process parameters including beam scan strategies, beam
urrent variations, and cooling rate features. Microstructures and residual mechanical properties are discussed for selected systems in contrast to
ore conventional wrought and cast products. Novel features of EBM fabrication include columnar microstructural architectures which result by
ayer-by-layer melt-solidification phenomena.
 2015 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
icenses/by-nc-nd/4.0/).
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r.  Introduction
Recent reviews involving laser and electron beam melting
pplied to the additive manufacturing of metal and alloy com-
onents have generally outlined their non-equilibrium physical
nd chemical nature which contributes to unique and novel
etallurgical phenomena [1–3]. In this context, additive manu-
acturing (AM) utilizing laser or electron beam melting reduces
he need for tooling such as molds and jigs, although AM can
abricate more optimized and complex patterns than metal and
lloy casting; especially applicable in automotive, aerospace,
lectronic and medical/biomedical (including dental) product
anufacturing. AM also allows for low volume production
f customized metal parts and reduced capital investment and
ransportation costs since production can occur closer to the
onsumer. Complex monolithic geometries involving little or no
oining operations accommodating rapid design changes enable
exible production and mass customization strategies using AMechnologies involving laser and electron beam processing of
re-alloyed powder beds by incremental (layer) manufactur-
ng. This differs dramatically from more conventional powder
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icenses/by-nc-nd/4.0/).etallurgy (PM) processing [4]. The incremental powder layer
nteraction with laser and electron beams is also fundamentally
ifferent from surface or near surface processing of bulk metal or
lloy products [5], although there are some similarities in regard
o heat treatment and melting.
The incremental layer-by-layer melt and solidification
henomena associated with the laser and electron beam
M of metal or alloy powders differs fundamentally
rom more conventional metallurgical processing, including
irectional solidification involving a continuously moving
elt/solidification front [6]. In addition, traditional metallur-
ical processing of bulk melt/solidification products involving
hermo-mechanical treatment regimens can be facilitated to
ome extent in the AM of the same products by adjusting and
ptimizing beam scan parameters and scan sequencing strate-
ies to achieve desired microstructural features incrementally
ather than by bulk cast or wrought product post treatment.
This paper discusses the interaction of scanning laser and
lectron beams with metal and alloy powder layers in terms
f coupling of photons or electrons and their correspond-
ng energy absorption. Metallurgical aspects of electron beam
elting (EBM) fabrication of several examples of metals andlloys are compared along with comparative examples of EBM
nd wrought or cast mechanical properties. Specific examples
nclude Ti-6Al-4V, Co-Cr super alloy, Inconel alloys 625 and
cess article under the CC BY-NC-ND license (http://creativecommons.org/
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Fig. 1. Schematic views for beam scan and scan strategies. (a) Layer-by-layer
melt (L)-solidification (S) increments; side view of powder bed. Unmelted, inter-
nal powder is denoted IP. Powder layer is raked at P. Build table is lowered (B)
with each layer addition. Small “B” shows build direction. (b) Top view of pow-
der bed showing x–y scan at velocity v. Beam focus or melt width is denoted by
2r (r is the radius). Distance between scan lines (melt zones) is denoted s or s′.
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As illustrated in Fig. 1(a), powder is spread (or raked) into a
uniformly thick layer, which is preheated by the scanned beam,aussian temperature profile of melt zone is shown at right.
18 (Ni-base super alloys), Rene 142 Ni-base super alloy, Nb,
nd Fe. These metal and alloy systems also represent the three
ajor crystal structures: hcp, fcc and bcc. Novel microstructures
nd microstructures control in EBM fabrication are highlighted.
.  Overview  of  thermal  analysis  applied  to  laser  and
lectron beam  interactions  with  matter
Cline and Anthony [7] originally described heat flow for
 rapidly moving, high-powered laser or electron beam to be
ominated by conduction in a solid material scanned in the x-
irection at constant velocity (Fig. 1(b)) be related to the thermal
iffusivity, D, and specific heat per unit volume, Cp, by
∂T
∂t
−  Dt∇2T  = Q
Cp
(1)here T  is the temperature distribution in the material in thick-
ess t (or dt) and related to the power density, Q. The partial
m
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ifferential form in Eq. (1) can also represent the cooling rate as
xpressed generally by
∂T
∂t
= −v∂T
∂x
; (2)
here the x–y  plane is normal to the beam axis (z-axis) or direc-
ion as illustrated in Fig. 1(a). The power density Q  is related to
he power absorbed at the surface or surface layer (P) by
 = P(f  )
2πr2λ
, (3)
here f is a Gaussian beam distribution function shown ideally
t the extreme right in Fig. 1(b), r  is the beam spot size (radius)
Fig. 1(b)) and λ  is the absorption length (related to the layer
hickness).
Heat is created as portions of beam energy (hν  for a laser
eam and mve2/2 for an electron beam; with electron mass m
nd velocity, ve) is absorbed by various, characteristic coupling
echanisms between phonons or electrons composing the solid
atter: powder particles illustrated in Fig. 1(a). Due to their large
ensity of free electrons, metals and alloys have large optical
bsorption coefficients for scanning laser beams. Reflectivity
s high above some critical wavelength but below this critical
avelength it decreases rapidly. Photon–phonon interactions in a
canning laser beam are important since phonons transfer energy
rom the carriers to the lattice, and the rate of carrier-lattice col-
isions increases with lattice temperatures. The corresponding
eflectivity of most metals and alloys decreases with temperature
ncrease.
In the case of an electron beam, a fraction of incident elec-
rons experience collisions with the nuclei and are backscattered
ut of the solid before losing significant energy. The correspond-
ng coefficient for energy reflection is therefore proportional to
he backscatter yield times the mean energy of backscattered
lectrons, and takes a form represented by
 ∼Q(1 − R)
Cpt
(4)
here T  is the local temperature, Q  is the beam fluence or power
ensity, R is the reflectivity, and  is the density of the mate-
ial; which increases as the powder layer forms and melts as
llustrated schematically in Fig. 1(a). Beam power in EBM is
ssentially the current times, the voltage while the linear energy
ensity is given by dividing the power, P, by the beam scan
peed, v. At fast speeds and high power, the fusion zone becomes
maller (narrower) and straighter. Consequently the beam scan
pacing, s, in Fig. 1(b) will change with r, s and v  as shown
chematically in Fig. 1(b). Variations of beam focus (or radius,
) will also change the absorption or correspondingly the reflec-
ivity (or backscatter).
.1.  EBM  exampleselted, cooled (or solidified) and a new powder layer formed on
op. At large “B” in Fig. 1(a), the build table moves down with
4 nufacturing 5 (2015) 40–53
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s2 L.E. Murr / Additive Ma
ach layer-melt/solidification (L/S) cycle or sequence incre-
ent. The actual part fabrication or build direction is denoted
mall “B” in Fig. 1(a). At “IP”, the powder is unmelted and
ust be recoverable in order to produce monolithic components
ith no retained, unrecovered powder. Fig. 1(b) illustrates the
canning beam observed at 90◦ to the vertical (or side) view
chematic shown in Fig. 1(a).
In electron beam melting (EBM) there are many scan param-
ters and strategies which can be varied or optimized to produce
ariations in the powder layer structures or microstructures.
hese include beam voltage and current, focus, scan rate, and
can sequencing. For example, beam scanning sequence can
nvolve variations in scan sequence (x,y) as well as beam cur-
ent and scan velocity, v. This is also true for the melt scan. Less
nergy is deposited at high scan velocity while adjusting the
can rate to be slower at higher beam current causes the layer to
elt. The layer thickness and initial layer density is dependant
o some extent on powder particle size distribution and parame-
ers illustrated in Eqs. (2) and (4). However, the cooling rate in
q. (2) is also dependent upon the component size or volume,
nd is more rapid for small size components or small dimen-
ions. Correspondingly, rapid cooling of small dimensions can
ave a significant effect on microstructure, especially those that
nvolve a phase transformation. Post heating of formed layers
an also promote grain growth and annealing or annihilation of
efects such as thermally induced dislocation structures, and this
ill have an effect on residual microstructures and associated
roperties, especially mechanical properties. Such post heating
nvolves variations in scan strategy; including scan speed and
eam current.
It should also be noted in Fig. 1 that the melt-solidification
ccurs intermittently layer-by-layer. Consequentially, the next
elted layer can be influenced, somewhat epitaxially, by the pre-
iously solidified layer. In some systems this will be conducive
o columnar grain boundaries. Such features are influenced by
eam size (r  and r′) and scan spacing, s  or s′, as shown in
ig. 1(b).
Fig. 2 illustrates several pre-alloyed powders utilized in this
tudy showing their sizes and size distributions while Fig. 3 illus-
rates the internal microdendritic structure for Fig. 2(b) which
s similar to the microdendritic surface microstructure shown in
ig. 2(c). Fig. 4 shows examples of scan speed variation by an
rder of magnitude for EBM fabrication of Ti-6Al-4V powder.
he slower scan speed of 100 mm/s invests more energy per unit
olume in melting, increasing the nominal density to 0.94  in
ontrast 0.79  (where   is the full density) at 1000 mm/s scan
peed. These features have been described in detail by Gaytan
t al. [8].
Although somewhat out of context, it might be useful to illus-
rate a few of the microstructural consequences of these thermal
ssues in EBM along with metallurgical comparisons for Ti-6Al-
V. Fig. 5 compares the microstructure for commercial, wrought
i-6Al-4V (Fig. 5(a)) with EBM fabricatedTi-6Al-4V (Fig. 5(b). Both microstructures are dominated
y acicular -phase (hcp) grains surrounded by -phase (bcc)
hich is dark in contrast, although the wrought alloy contains
ome equiaxed -grains. The corresponding fracture surface
m
g
aig. 2. SEM views of pre-alloyed, precursor powders. (a) Co-Cr-Mo powder.
b) Inconel 625 alloy powder. (c) Inconel 718 alloy powder. Note microdendritic
tructure.
haracteristics shown in Fig. 6 are very similar. However, the
icrostructures for EBM bulk (large dimension) samples shown
n Fig. 7(a) differ considerably from thin (1 mm) sample dimen-
ions where rapid cooling creates ′-martensite (hcp) having
ery small interphase dimensions as shown in Fig. 7(b).
This microstructural difference shown on comparing Fig. 7(a)
nd (b) is also reflected in residual, micro indentation (Vickers)
ardness measurements of 3.5 GPa for Fig. 7(a) in contrast to
.8 GPa for Fig. 7(b); a difference of 27 percent. The microstruc-
ure variation -phase grains surrounded by a small -phase
egion in Fig. 7(a) compared to ′-martensite platelets in an
-matrix in Fig. 7(b), is also shown in the comparative trans-
ission electron microscope (TEM) images and associated
inserted) selected-area electron diffraction patterns in Fig. 8(a)
nd (b), respectively. Fig. 8(b) shows that there are also very
mall irregular -phase features which appear dark like the ′-
artensite platelets. The arrow in Fig. 8(a) shows an -phaserain boundary also observed in Fig. 8(b).
The production of ′-martensite platelets as a strengthening
gent in Ti-6Al-4V components is a characteristic of intricate
L.E. Murr / Additive Manufacturing 5 (2015) 40–53 43
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sor powders shown in Table 1, various geometries andig. 3. Optical metallographic view showing microdendritic structure of Inconel
25 alloy powder section (interior) in Fig. 2(b).
nd small-dimension geometries which are only possible by
BM or selective laser melting (SLM). Such intricate geome-
ries, either as mesh or foam components for novel implant
pplication, have been described in detail [9–11], and are illus-
rated briefly in Fig. 9 for Ti-6Al-4V EBM fabricated implant
rototypes. The high hardness and correspondingly stronger,
igh porosity implant concepts (Fig. 9) are in some respects
mplicit characteristics for the thermal phenomena which con-
titute these geometries as discussed above.
.  Materials  and  methods
.1.  Fabrication  of  components  by  EBM
Table 1 summarizes the metal and alloy powder composi-
ions and properties which are included in this study of EBM
abricated components. Fig. 2 provides some examples of these
owder morphologies, sizes, and size distributions. It can be
oted in Table 1 that melting temperatures range from ∼1300 ◦C
or Inconel 718 to ∼2495 ◦C for Nb. This necessitates signifi-
ant variations in EBM scan strategies and parameters; including
re-heat scanning of the powder bed and melt scan beam cur-
ent. Variations in pre-heat scan and melt scan rate nominally
aried by two orders of magnitude (104–102 mm/s) along with
ariations in beam current from ∼30 mA to ∼3 mA, respec-
ively [8,12,13]. In addition, variations occurred in the number
f pre-heat scans; from ∼10 to 15; as well as scan strategies. For
xample, in the case of the Nb, with the highest melt tempera-
ure (Table 1), variations in pre-heat temperature from ∼580 ◦C
o 720 ◦C were necessary to prevent powder agglomeration by
s
h
mig. 4. Effect of beam melt scan current on sinter-melt efficiency and residual
orosity and corresponding density for EBM fabrication of Ti-6Al-4V powder.
ull density is denoted .
hanging the scan speed from ∼103 mm/s at 2–4 mA, while the
elt scan speed was reduced to ∼3 ×  102 mm/s at a beam current
f 12 mA [14].
It might also be noted that component geometries fabricated
long the Z-direction (Fig. 1(a)) in contrast to the x-or y-axis (or
xes) direction can exhibit both microstructural and mechanical
roperty variations, especially tensile properties. These features
ave been discussed previously [15,16].
The EBM system was either an Arcam A2 or S/2 system
perated at 60 kV accelerating potential in a helium-bleed vac-
um system which also enhanced layer cooling rates [8]. In both
ystems, the adjustment of beam focus and scan spacing implicit
n Fig. 1(b) produced melt pools ideally spaced ∼2 m and hav-
ng a generally Gaussian distribution also shown in Fig. 1(b) (at
ower right).
.2.  Mechanical  property  measurement  and  testing
In the fabrication of EBM components from precur-izes were produced to facilitate mechanical testing: macro-
ardness using Rockwell C-scale indentation testing and
icro-indentation hardness using a digital Vickers measurement
44 L.E. Murr / Additive Manufacturing 5 (2015) 40–53
Table 1
Properties/metallurgy characteristics for pre-alloyed/precursor EBM powders in this study.
Metal/alloy composition (nominal) Average powder
size (m)
Melting temp.
(◦C)
Crystal
structure
Density (solid)
g/cm3
Young’s modulus
(solid) GPa
Ti-6Al-4V ∼30 ∼1630 hcp 4.4 110
Co-Cr: 26Cr, 6 Mo, 0.7 Si, 0.5 Mn, 0.25 Ni,
0.2 C bal. Co (wt.%)
∼40 1430 fcc 8.4 210
Inconel 625: 58 Ni, 22 Cr, 9 Mo, 4 Fe, 3.5
Nb, 3.5 other (wt.%)
21 ∼1330 fcc 8.4 205
Inconel 718: 54 Ni, 19 Cr, 18.3 Fe, 5 Nb, 3
Mo, 1 Ti, 0.43 Al, other (wt.%)
17 ∼1300 fcc 8.2 205
Rene 142 (Ni-Co): 12 Co, 6.8 Cr, 1.5 Mo,
1.5 Hf, 6.35 Ta, 6.2 Al, 4.9 W, Re, bal. Ni
(wt.%)
72 ∼1375 fcc 8.3 212
N 95 
F 37 
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length-scale variations in microstructure are ideally represented
by comparing optical metallographic (OM) images with electron
metallographic (SEM and TEM) images. OM requires the artfulb ∼50 ∼24
e 19 15
ystem. Appropriate sizes of cylindrical components were fab-
icated in order to make tensile specimens for uniaxial tensile
esting at a nominal strain rate of ∼10−3 s−1, at room temper-
ture. These measurements and testing methodologies allowed
or the assessment of basic mechanical properties and property
ariations between EBM-fabricated products and commercial,
ast and wrought products. In addition, by general rule-of-thumb
nalysis there is a relatively simple relationship between instru-
ental Vickers micro indentation hardness (HV) and the 0.2 per
ent offset tensile yield stress (σ) as given by HV ∼= 3σ; in units
f GPa.
ig. 5. Comparison of commercial, wrought Ti-6Al-4V (a) with EBM fabricated
i-6Al-4V (b) microstructures.
F
Tbcc 8.4 105
bcc 7.9 120
.3.  Metallographic  and  related  crystallographic  analyses
ethods
As illustrated generally in Figs. 5–9 for Ti-6Al-4V (Table 1)ig. 6. Comparison of fracture surfaces corresponding to Fig. 5 for wrought
i-6Al-4V (a) and EBM-fabricated Ti-6Al-4V (b).
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Fig. 7. Comparison of bulk, EBM-fabricated Ti-6Al-4V product (a) with a thin
(1.1 mm) rapidly cooled EBM-fabricated Ti-6Al-4V product (b). The magnifi-
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Fig. 8. TEM image comparison corresponding to Fig. 7(a) and (b): (a) cor-
responds to Fig. 7(a), (b) corresponds to Fig. 7(b). Selected-area electron
diffraction patterns are shown as insets. The arrow in the upper right in (a)
s
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pation of (a) and (b) is the same as shown in (a).
olishing and selection (chemical or electrochemical) etch-
ng of microstructures while TEM requires the extraction and
lectro-etching of 3 mm disk specimens. SEM of metal and alloy
urface microstructures generally does not require any special
pecimen preparation except for cutting representative sections
o fit within the imaging constraints (size limitations) in the
EM.
SEM imaging was performed in a Hitachi S-4800 field-
mission SEM utilizing mostly secondary electron (SE) imaging
t an electron beam accelerating voltage of 20 kV. Elemental
nalysis of specific phase regimes, etc. was also performed
tilizing an energy-dispensing (e-ray) spectrometer (EDS) on
he SEM. TEM imaging was performed on electron-transparent
 mm disk samples variously prepared from EBM-fabricated
omponents using a Hitachi H-9500 TEM operating at 300 kV
ccelerating potential.
Crystallographic analysis of microstructures was performed
sing selected-area electron diffraction (SAED) patterns asso-
iated with specific microstructures and crystal structure
eatures imaged in the TEM. Macroscopic crystallographic
nalysis was performed by X-ray diffractometry (XRD)
sing a Cu-target, Bruker AXS-D8 Discover XRD sys-
em.
4
shows a grain boundary separating two -phase grains. Dark zones are -phase
n (a) and mixtures of ′-martensite and -phase in (b).
.  Results  and  discussion
.1.  Ti-6Al-4V  EBM
It might be noted in retrospect that Figs. 5–8 illustrate EBM
icrostructures generally characteristic of commercial Ti-6Al-
V, with the exception of rapid cooling-related ′-martensite
roduction shown in Figs. 7(b) and 8(b). the acicular of -phase
nd ′-martensite platelets shown in Fig. 7 are homogenously
istributed throughout the EBM component volume viewed in
oth a horizontal plane perpendicular to the build direction (z-
irection in Fig. 1(a)) or the corresponding vertical reference
lane parallel to the z-direction in Fig. 1(a). In contract, numer-
us examples of directional or columnar microstructures often
revail in EBM fabrication as illustrated in the following section.
.2.  Co-Cr-Mo  (co-base  super  alloy)  EBMUtilizing precursor, pre-alloyed Co-Cr-Mo (Table 1) powder
hown in Fig. 2(a), EBM fabrication produces novel, columnar
46 L.E. Murr / Additive Manufacturing 5 (2015) 40–53
Fig. 9. Examples of fabricating bone-compatible, porous (mesh) Ti-6Al-4V
implant prototypes by EBM. (a) Femur cross-section intramedullary tissue zone
(trabecular or soft bone) is shown encircled. (b)–(d) CAD models for mesh prod-
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Fig. 10. Horizontal (x–y) section view showing EBM-fabricated Co-Cr-Mo
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sct. (e) Ti-6Al-4V tibial implant fabricated using CAD model in (d) for the stem
nsert.
rchitectures of carbides in an fcc Co-Cr matrix shown gen-
rally in the horizontal and vertical reference plane views in
igs. 10 and 11, respectively [10]. These Cr23C6 carbide colum-
ar architectures originate in the additively-extended melt pools
llustrated schematically in Fig. 12 where the melt pool dimen-
ions are represented geometrically in terms of corresponding
eam diameter (2r) and beam scan spacing (s) as defined
chematically in Fig. 1(b). As shown in Figs. 10 and 11, the melt
one dimension is roughly 2 m in size which also corresponds
o the carbide column spacing.
As shown in Figs. 10 and 11, the carbide (Cr23C6) columns
re discontinuous and irregular caused by the irregulari-
ies in beam scanning and the continuity of the columnar
icrostructures from layer-to-layer. Discontinuities are also
haracterized by low-angle (low-energy) boundaries shown by,
GB” in both the horizontal and vertical reference plane images
hown in Figs. 10 and 11, respectively. Fig. 13 shows that
he carbides actually vary in size from ∼100 nm to 500 nm
nd are accompanied by fairly dense stacking faults in the
o-Cr fcc matrix. The carbide particle density is certainly
elated to the carbon concentration, ∼0.2 percent (Table 1). The
ctual inter-particle (carbide) spacing in the vertical columns
s ∼300 nm, and with a doubling of carbon content in the pre-
lloyed powder, this spacing would likely be reduced by at least
alf this value, whereupon the carbide columns might appear
o be more continuous. The consequence of this might be to
f
c
tully dense product. Low-angle grain boundaries are denoted by GB (arrows).
agnification marker is 20 m.
roduce a carbide-column composite, a columnar reinforced Co-
r fcc matrix implicit in Fig. 14 which shows tensile specimens
roduced from EBM. Specimens produced from cylinders fab-
icated in the Z-direction (Fig. 1(a)) producing carbide columns
n the build direction shown in Fig. 11 might ideally be con-
idered to represent isostrain strengthening as shown in the
ccompanying schematic in Fig. 14. Correspondingly, speci-
ens grown in the x–y  plane (Fig. 1(a)) might be considered
o represent isostress conditions also shown in Fig. 14. How-
ver, since the carbides in the EBM components fabricated as
hown in Figs. 10 and 11 are not ideally continuous, the impli-
ations for isostrain and isostress strengthening modes would
ertainly not apply generally.
Indeed, at this point it might be expedient to look com-
aratively at the mechanical response for EBM-fabricated
omponents in contrast to commercial wrought or cast prod-
cts. Fig. 15 makes this comparison for Ti-6Al-4V products in
ontrast to comparisons for Co-Cr-Mo products. It is observed
enerally in Fig. 15 that the tensile properties of EBM-fabricated
i-6Al-4V products are as good as cast or wrought products,
hile some are better for EBM-fabricated Co-Cr-Mo products.
It has already been shown on comparing Fig. 7(a) and (b) that
epending upon the microstructure and microstructure dimen-
ions, the micro indentation (Vickers) hardness for Ti-6Al-4V
abricated by EBM can vary from ∼3.5 GPa to 4.8 GPa. In
ontrast, and with reference to Fig. 15, the micro indenta-
ion hardness for EBM-fabricated Co-Cr-Mo products has been
L.E. Murr / Additive Manufacturing 5 (2015) 40–53 47
Fig. 11. Vertical (Z-axis) section view corresponding to Fig. 10 showing
columns of Cr C precipitates generally aligned with the building direction
(
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Fig. 12. Schematic representation for Cr23C6 (carbide) column formation shown
in Figs. 10 and 11; corresponding generally to Fig. 1. Scan and melt pool direc-
tions along x and y are shown as “p” and “m” respectively. Melt pool spacing is
denoted s or 2r (Fig. 1).23 6
B). Low-angle grain boundaries corresponding to these in Fig. 10 are denoted
B (arrows).
bserved to vary from ∼4.2 to 4.5 GPa. The corresponding
ockwell C-scale hardness has also been measured to vary from
44 to 46 HRC. However, for more complex Co-Cr-Mo mesh
r foam components the Vickers micro indentation hardness
as been measured to be as high as 6.8 GPa, an increase over
ulk hardness of ∼60 percent; consistent to some extent with
i-6Al-4V components shown in Fig. 9.
Other notable differences observed in Fig. 15 for Co-Cr-
o components are the elongations for HiPed EBM products
ersus the as-fabricated products, which are also more than
ouble the commercial ASTM-F75 products which are also
iPed (4 h@ 1200 ◦C in 103 bar Ar followed by quench from a
omogenizing temperature of 122 ◦C for 4 h). This produces an
nnealed, stacking-fault microstructure devoid of Cr23C6 pre-
ipitates shown for comparison in Figs. 16 and 17, respectively.
onsequently the metallurgy associated with HiP of more con-
entional, cast Co-Cr-Mo products is essentially the same as that
or HiPed EBM products (compare Figs. 16 and 17).
.3.  Ni-base  super  alloy  examples
Like the carbide precipitate architecture development in Co-
r-Mo alloy as illustrated in Figs. 10 and 11, Ni-base super
lloys such as Inconel 625 and 718 (Table 1) also exhibit direc-
ional precipitate architectures within the EBM melt zones as
llustrated generally in Fig. 12. However, in EBM fabricated
Fig. 13. TEM image for EBM-fabricated Co-Cr-Mo solid product showing
Cr23C6 precipitates intermixed with stacking faults in the (1 1 1) planes cor-
responding to the [6 4 2] trace direction shown. The selected-area electron
diffraction pattern insert shows a (1 0 3) surface orientation.
48 L.E. Murr / Additive Manufacturing 5 (2015) 40–53
Fig. 14. Tensile specimen preparation corresponding to columnar architectures
such as those in Figs. 10 and 11 in the Z-axis direction creating a virtual isostrain
composite; transverse columnar architectures in the x–y plane create a virtual
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Fig. 16. TEM image showing stacking faults in commercial (ASTM-F75
treated) Co-Cr-Mo product. Magnification marker is 0.2 m.sostress composite. Corresponding matrix (composite) strengths are denoted
C.
nconel 625 alloy, these precipitates are ′′(bct) Ni3Nb disk
latelets coincident with the Ni-Cr (fcc) {1 1 1}  planes as illus-
rated generally in Fig. 18, which also shows columnar grains
nd low-angle grain boundaries similar to those observed for
o-Cr-Mo alloy in Figs. 10 and 11 [17].
Fig. 19 illustrates that similar, columnar ′′(bct) Ni3Nb pre-
ipitate discs occur in EBM-fabricated Inconel 718 components
s illustrated in the TEM image construction shown. However,
nlike the ′′ precipitate in EBM-fabricated Inconel 625 alloy
hown in Fig. 18, the ′′ precipitate disk-platelets are coin-
ident with the Ni-Cr (fcc) matrix {1 0 0}  planes. Columnar
rain boundaries as shown by the arrow in Fig. 19 are also
ig. 15. Comparison of mechanical properties for commercial and EBM-
abricated and treated Ti-6Al-4V (left) and Co-Cr-Mo (Co-base superalloy).
ommercial Co-Cr-Mo products are denoted by ASTM-F75 standard.
Fig. 17. TEM image showing stacking faults in EBM-fabricated at HIPed
(ASTM-F75 standard) Co-Cr-Mo products magnification marker is 0.2 m.
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Fig. 18. 3D optical metallographic construction showing columnar ′′-
precipitate architecture in EBM-fabricated Inconel 625 alloy. The ′′ precipitates
are coincident with the fcc-Ni-Cr matrix {1 1 1} planes. B indicates the build
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Fig. 19. TEM image showing ′′ precipitates in FBM-fabricated and HIPed
Inconel 718 alloy. Selected-area electron diffraction pattern insert shows promi-
nent [0 0 1] fcc Ni-Cr matrix orientation parallel to the build direction (B)
(Z-axis). White arrows show columnar grain boundaries. Precipitates discs are
coincident with the matrix {0 0 1} planes.
Fig. 20. 3D-OM composition showing columnar grain structure for EBM-irection parallel to the Z-axis in Fig. 1.
bserved to coincide generally with the melt zone dimensions
s shown schematically in Fig. 12 [10]. Similar findings have
een observed by Strondl et al. [18].
Of course variances of columnar microstructures by direc-
ional solidification processing have been common approaches
n forming novel eutectic composites as well as columnar micro-
tructures in turbine blade fabrication [19]. The latter has relied
pon the development of ′(cuboidal) fcc – Ni3 (Al,Ti,Ta)
recipitate strengthening regimes which are developed by the
hermal post-processing of cast alloys.
Fig. 20 illustrates an example of such turbine blade alloy
ompositions fabricated by EBM. Although a columnar grain
tructure is observed in Fig. 20, the scale is much smaller
han more conventionally cast turbine blades of the same Rene
42 (Ni-base) super alloy. Figs. 21 and 22 reveal an even
maller length scale directional architecture which in contrast
o Figs. 10 and 11 as well as Figs. 18 and 19 exhibit colum-
ar grains composed of ′, cuboidal precipitates in the Ni-Co
cc matrix which surrounds them. Fig. 23 shows the precipitate
′)/matrix relationship using selective etching while Fig. 24
hows the corresponding TEM microstructures for the precipi-
ated/matrix coherency condition [20]. As Murr et al. [20] have
iscussed in more detail, the ′/matrix volumetric relationship
s essentially optimized and is achieved in EBM fabrication as
pposed to rather complex thermal processing which must be
tilized to optimize this relationship in the production of cast
urbine blades [21]. This optimization relates to both strength
fabricated Rene 142 Ni-base superalloy at low magnification. Build direction is
indicated at B.
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Fig. 21. 3D-OM composition for Fig. 20 magnified 10×  showing columnar
architecture composed of ′ precipitates parallel to the build direction denoted
B.
Fig. 22. Magnified 3D-SEM composition for Fig. 21 showing cuboidal ′ pre-
cipitates.
Fig. 23. Comparison of cuboidal ′ precipitates (a) matrix (b) structures in Rene
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m42 (Fig. 22) using selective etching as observed in the SEM. Note magnification
f (b) is the same as (a).
nd creep resistance, and has involved nearly a decade to achieve
n more contemporary metallurgical practice.
A common metallurgical feature observed in
igs. 10 and 11 and 18–21 involves the creation of columnar pre-
ipitate architectures oriented in the build direction (z-direction
n Fig. 1(a)). The geometry or proximity of these architectures
s determined by the beam and beam scan parameters (r, s,
) noted in Fig. 1(b) and as implied in Fig. 14, systematic
anipulation of these parameters may allow for the adjustment
f residual mechanical properties in EBM-fabricated products.
.4.  Examples  of  BCC  metals:  Nb  and  Fe
While alloys having different compositions and metallurgi-
al features can exhibit variations of equiaxed grain structures
nd columnar grain structures and columnar grain and related
icrostructure architectures as illustrated above in Sections
.1–4.3, there are similarities in pure metal components fab-
icated by EBM [14,22,23]. Fig. 25 illustrates typical texturing
ffect (XRD insert) observed for columnar Nb grain components
abricated by EBM (Table 1). The relatively high dislocation
ensity shown in Fig. 25 originates by thermal stress produc-
ion during melt-solidification processing. Similar dislocation
icrostructures are observed in the vertical reference plane as
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Fig. 24. TEM image showing coherency strain-field contrast at the ′ precipitate-
Ni Cr fcc matrix interface in EBM-fabricated Rene 142 alloy along with a high
density of matrix dislocation.
Fig. 25. TEM image showing a high dislocation density in EBM-fabricated Nb.
The insert shows the horizontal plane (build direction) [1 1 0] texture.
Fig. 26. TEM image showing dislocation substructures corresponding to the
vertical plane in Fig. 25 (parallel to the build direction). Selected-area electron
diffraction pattern insert shows (2 1 1) orientation.
Fig. 27. 3D-OM composition for EBM-fabricated Fe product. Build direction
is shown at B.
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Fig. 28. TEM image corresponding to the horizontal plane (top surface) in
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Rig. 27 showing -Fe [0 0 1] orientation with -Fe platelets. Dislocations are
lso shown distributed within the -Fe matrix.
llustrated in Fig. 26 which shows the [2 1 1] orientation which
s represented as a small texture fraction in the XRD spectrum
nsert in Fig. 25.
In contrast to columnar grain growth in EBM fabricated
b, the development of Fe products by EBM produces more
quiaxed -Fe grains contain -Fe (bcc) platelets which are
oincident with the -Fe matrix {0 0 1}  and {0 1 1}  planes [23].
hese features are illustrated in Figs. 27 and 28. The -Fe
ccurs because of the rapid cooling in EBM processing and
s also observed in the atomization of the precursor Fe powder
23]. Such metallurgical phenomenon is rare in commercially
rocessed iron products.
.  Summary  and  conclusions
Upon reviewing the examples presented herein of EBM fab-
icated metal and alloy components in retrospect, it can be
oted that while there are some unique, if not novel charac-
eristics associated with these components, the fundamental
etallurgy is relatively unchanged. The same common -
 phase relationships are observed in Ti-6Al-4V along with
′
-martensite where rapid cooling promotes this phase trans-
ormation (Figs. 5, 7 and 8). Correspondingly, carbide (Cr23C6)
recipitation phenomenon in Co-base super alloy as well as ′
nd ′′ precipitation behavior in Ni-base super alloys is observed
o develop novel, columnar architectures and interesting crys-
allographic coincidence features especially for ′′ in Inconel
25 and 718 alloys (Figs. 18 and 19), these metallurgical issues
re well established. What is not well established for EBM
[turing 5 (2015) 40–53
abrication is the effect of beam parameters and scanning strate-
ies on precipitate behavior: morphology, size, crystallographic
oincidence relationships, interparticle spacing issues and the
ffects of pre-alloyed, precursor powder compositions on these
henomena.
As a consequence of many metallurgical similarities, the
esidual properties of EBM-fabricated components are usually
s good as or better than conventional cast or wrought prod-
cts (Fig. 15), even after post processing. As a consequence,
t is certainly expedient to carefully examine the metallurgi-
al history of metals and alloys which are either candidates for
BM fabrication and processing, or in fact products of EBM
abrication. It is unlikely that, in spite of the quite different solid-
fication thermodynamics and kinetics of EBM processing of
re-alloyed powders, implicit in Fig. 1, and discussed in Section
 in contrast to more conventional processing, that the residual
icrostructures and attendant metallurgy will differ significantly
n principal.
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